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The aims of the present study were to determine 1) if grafts of 
cultured skin become innervated; and 2) whether tactile func-
tion of these grafts could be improved by implanting target 
tissue into them. 
Autologous skin equivalents were generated in vitro (30 d) 
for individual adult Sprague-Dawley rats. Some animals re-
ceived pure skin equivalent grafts; others had target tissue 
consisting of 2-mm punch biopsies (normal skin or touch 
domes) inserted into their skin equivalents at the time of 
grafting. After 83 d, physiologic recordings were obtained 
from afferent nerves innervating the grafts. Tissue was pro-
cessed for histology at various intervals. 
Silver staining of the tissues demonstrated many isolated 
nerve fibers in the dermis of cultured areas of skin as well as in 
implant zones. When grafts were rubbed with a glass rod or 
B etween 1974 and 1986, the survival rate of individuals incurring massive burn injuries increased dramatically. This was largely due to improved techniques such as prompt excision of burn eschar and immediate wound closure either with skin auto grafts or cadaver allo-
grafts, followed by later treatment with auto grafts of cultured skin 
[1 J. 
The use of cultured epidermis to cover burns on more than 50% 
of the body surface was first reported in 1984 [2]. Within 5 years, 
approx imately 200 patients had been treated [3]' Skin provides a 
protective barrier for the body, but in addition it conveys informa-
tion about the environment via specialized sensory receptors. How-
ever, cultured skin has been shown to lack adnexal structures for as 
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Abbreviations: 
A: area of an ellipse 
a: radius of the major axis 
b: radius of the minor axis 
DMEM: Dublecco's modified Eagle's medium 
KGM: keratinocyte growth medium 
PBS: phosphate-buffered saline 
SE: skin equivalent 
SE+ND: skin equivalent containing punch biopsies of non-domal or 
normal hai ry skin 
SE+TD: skin equivalent containin g punch biopsies with touch domes 
pinched with watchmaker forceps, impulses were evoked in 
nerves innervating both implant and cultured regions . In 
contrast, the afferent response to gently stroking grafts with a 
camel hair brush was severely reduced in cultured areas but 
was vigorous in implanted skin. Neuronal activity character-
stic of type I neurons innervating touch domes was only 
found in cutaneous nerves innervating implants originally 
possessing domal tissue. Furthermore, grafts with good takes 
had better return of sensory function than grafts undergoing 
episodes of crusting. 
These results suggest that structural components or trO-
phic factors present in implants enhanced the return of neural 
function related to the sensory modality of light touch; and 
this was also affected by the engraftment quality. ] Invest 
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long as 5 years post-grafting [4J, and therefore probably lacks ~he 
highly organized nerve endings around hair follicles. FollowlOg 
recovery from burn-grafting procedures, individuals must be con-
cerned about the return of their cutaneous sensation. As the use of 
cultured grafts increases, it will become important to improve met~· 
odologies so that graft quality is maximized for individual rec1pI' 
Within skin are specialized areas called touch domes that are 
richly innervated. These structures can be seen on the skin surface of 
mammals following depilation. Histologically, they are character' 
ized by an elevated dermal papillae covered with a thickened epide1' mis that has Merkel cells in the basal epidermal layer. Merkel eel ; 
possess dense-cored granules and are innervated by afferent type 
mechanoreceptive neurons [5J having a characteristic slowly adapJ' 
ing irregular pattern of discharge that can be identified with a han' 
held stimulus [6] . Touch domes are known to provide tropiC Of 
trophic factors for regenerating type I nerves [7J. 
The experimental design in the present investigation was to CO!11d pare tactile sensory recovery in grafts composed entirely of cui tor: 
skin to that in cultured skin containing implants of normal skin 
with, or without, touch domes . The results indicate that target 
tissue (both normal hairy skin and touch dome hairy skin) improves 
sensory recovery. To our knowledge, this is the first study uSing 
both histologic and physiologic measurements to investigate senE 
sory innervation in grafts of cultured skin. Preliminary reports 0 
this work have appeared elsewhere [8,9]. 
MATERIALS AND METHODS 
Skin Grafts Autologous skin equivalents were cultured for ap' 
proximately 3 weeks and subsequently grafted to the adult Sprague' 
Dawley rats (n = 13) that originally provided cells and implant} 
[9 - 13J. Briefly, small (5-mm2) biopsies were taken from the skm 0 
individual animals and fibrobl asts allowed to grow out from the 
dermis for 10 d in 25-cm2 tissue culture flasks. The fibroblasts were 
grown in Dulbecco's modified Eagle's medium (DMEM; HazletOn, 
0022-202Xj92jS05.00 Copyright © 1992 by The Society for Investigative Dermatology, Inc. 
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Biologics, Inc.) plus 10% fetal calf serum to near confluency and 
passaged using 0.05% trypsin (Difco, 1 : 250) in phosphate-buffered 
saline (PBS). Third-passaged fibroblasts (4 X 105 cells/ml) were 
nuxed with 2 X DMEM and evenly distributed by swirling in a 
150 X 25-mm bacteriologic grade dish after which a solution of 
rat-tail collagen (2 mg/ml) was added to the dish. The collagen 
gelled within minutes and was allowed to contract into a disk for 
2-3 d. At this time, keratinocytes obtained from a 2-cm2 biopsy 
taken from the same animal were dissociated and seeded on top of 
the ~isk at a density of3-6 X 104/cm2 • The following two growth 
redia w~re employed for keratinocyte culture: i) DMEM with 10% 
etal bovme serum (Hyclone) plus supplements [10- 10 M cholera 
tOXll1 (Sigma), 10 ng/ml epidermal growth factor (Collaborative Re~earch), 0.4 Jig/ml hydrocortisone (Sigma) and Fungizone, Peni-~1I11l1, Streptomycin (Irvine Sci.)]; or ii) keratinocyte growth me-
lum. (KGM; Clonetics). 
Skin equivalents were held in culture until the keratinocytes cov-
ered the surface of the fibroblast contracted gel (about 2 weeks), and 
Were subsequently air exposed for 5 -10 d. They were then grafted a~ full-thickness grafts (40 mm in diameter) to previously prepared 
Sites on each animal 's back . 
. As shown in Table I, six animals received grafts composed en-
tirely of skin-equivalent tissue (SE). Three others received skin 
equlValents containing punch biopsies of normal hairy skin without 
touch domes (SE+ND), and four received skin equivalents with 
punch biopsies containing touch domes (SE+TD). The dermis of 
ejch biopsy plug was trimmed of fat and the surface of the plug i Igned level with the surface of the skin equivalent. Skin equiva-
ents received three plugs that were spaced about 6 mm apart from 
each other (Fig 1). For control purposes, an additional nine animals 
received full-thickness auto grafts of their own skin, and four others 
receIVed full-thickness open wounds similar in size to the cultured 
grafts. Sterile technique was used for all procedures, and animals 
here housed individually. With time, grafts became ellipsoid in ~ ~e; therefore, their surface area was estimated using the equation 
- nab (a, radius of the major axis; b, radius of the minor axiS). 
~~rve Function In several animals (SE = 2; SE+ND = 2; 
d' TD = 3) nerve fields were defined before and after graftmg by 
~rect recording. The dorsal cutaneous nerves at levels T5 - T13 
b ere freed of connective tissue either where they exited the verte-
Erae between the ribs or where they emerged from the back muscles. Plc~ nerve trunk was carefully cleaned and placed across bipolar 
r atlnum electrodes immersed in an oil pool. Nerve fields were 
coughly outlined on the skin surface by stroking the skin with a ' 8~~el hair brush and marking the border with ink and tattoos. After 
sf POst-grafting, the impulses generated in the nerves followmg 
b Itnhlatlon of their cutaneous fields (stroking with a camel hair 
c Ius ,rubbing with a glass rod, or gently pinching with fine for-
t?s) Were monitored on an oscilloscope and an audio speaker sys-
in tn, and recorded on magnetic tape for later analysis . Nerves serv-
dug .normal skin rostral and caudal to the grafts were also recorded 
stnrtlig CUtaneous stimulation for each animal. Some fascicles. were 
a enough for activity of individual nerve fibers to be momtored 
-------!able I. Experimental Treatment of 26 Adult Rats 
Type of Graft 
~ or Treatment 
Skin e ' 
C I qUlvalent (SE) (keratinocytes b~oblred on the surface of a fi-
Skin east populated collagen gel) 
PI qUlvalent plus non-domal im-Sk' ants (SE+ND) In e ' 
i ql ulvalent plus touch dome 
fI. tnp ants (SE+TD) 
Utografts 
Number of Days 
on Animal 
14-43 
395 - 468 (> 1 year) 
83-97 
83-86 
899 (> 2 years) 
16-44 
60-180 
460-497 (> 1 year) 
16-44 
Number 
of Animals 
3 
3 
3 
3 
1 
2 
5 
2 
4 
o ~nds 
--------------------------------------
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Figure 1. A) A skin equivalent at the time of grafting. Three 2-mm punch 
biopsies with touch-dome mechanoreceptors were trimmed of fat and in-
serted into the cultured skin. A little bleeding occurred at the suture placed 
about 2 o'clock. Scale bar, 10 mm. B) The same skin equivalent at bandage 
removal. The 2-mm punch biopsies are easily distinguished from the more 
translucent areas of cultured skin. Scale bar, 5 mm. 
during gross recording (Fig 10). Artifacts caused by heartbeat and 
respiration were minimized with a band-pass filter (Kron-Hite). 
Nerve Counts and Measurements For nerve histology, tissue 
(5 mm2) was immersed in cold isopentane, frozen in liquid nitrogen, 
cryoprotected in OCT embedding medium for frozen tissue speci-
mens (Miles, Inc.), sectioned 30 Jim thick, and silver-stained follow-
ing a modified Loots procedure [14,15]. Nerve-fiber profiles were 
counted in the dermis of skin equivalent grafts in regions between 
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the implants. Implant regions were easily distinguished from 
surrounding cultured skin, due to their organized collagen bundles 
and hair follicles. Counts were not made in the implants proper 
because the thick collagen bundles of the implant dermis sometimes 
obscured the silver-stained nerve fibers. In skin equivalent areas 
adnexal structures were missing, and the dermis was composed of 
fine collagen fibrils and numerous blood vessels and fibroblasts. 
Nerve fibers stained black and the dermis and epidermis stained 
light brown. Six sections were selected at random and examined 
from each animal (see Table I: SE = 2, SE+ND = 2, SE+TD = 2). 
After inspection of a section, the region judged to have the highest 
density of nerve-fiber profiles was positioned under an ocular grid . 
This was necessary because nerve fibers were distributed like the 
branches of a tree. Therefore, counts made in regions between 
branches would not have been representative of the degree of der-
mal innervation. For each square of the grid, a count was made of 
each nerve (magnification X 200) and its divisions as the micro-
scope was focused throughout the 30-,um-thick section. For each 
section, an area three grids across and three grids down was mapped 
(1.44 mm2). In addition, measurements were made of the nearest 
distance of nerves from the epidermal basement lamina. 
In Vitro Controls to Determine if Skin Equivalent Tissue 
Was a Barrier for Nerve Growth Dorsal root ganglia were 
excised from newborn rat fetuses and placed into skin-equivalent 
collagen solution before it gelled. Keratinocytes were seeded on top 
of the contracted collagen disk 2 d later. Growth medium was 
supplemented with glucose (6 mg/ml), 10% heat-inactivated horse 
serum (Gibco), and 10% fetal bovine serum (KC Bio!.). In some 
preparations, a 40: 60 mixture of this medium with KGM (Clone-
tics) was also employed. 
Co-cultures were fixed with phosphate-buffered 2% glutaralde-
hyde for 1 h, post-fixed in 2% osmic acid, dehydrated through a 
series of ethanol, and embedded in Araldite. ultrathin sections were 
stained with uranyl acetate followed by lead citrate [16]. Alterna-
tively, cultures were also fixed in 10% neutral-buffered formalin, 
embedded in paraffin, and Bodian-stained to reveal neurite out-
growth. 
Graft Histology Tissue was processed by conventional methods 
for light and electron microscopy or fixed in 10% neutral-buffered 
formalin, paraffin embedded, and stained with hematoxylin and 
eOSll1. 
RESULTS 
Graft Histology 
Skin Equivalents In Vivtro: Skin equivalents acquired a "fleshy" 
color as their keratinocytes became confluent and stratified upon air 
exposure; and when ready for grafting, they were firm and easy to 
handle. The epidermis covering the collagen gel was multilayered 
(Fig 2). Desmosomes joined keratinocytes to one another, and 
membrane-coating granules and sparse clumps of tonofibrils were 
present (Fig 3). Differentiated keratinocytes in the upper layers had 
keratohyalin granules. Rough endoplasmic reticuli, mitochondria, 
and Golgi apparati were numerous. Basal cells were often observed 
in mitosis. A basement membrane was lacking, but small hemi-
desmosome -like structures were present; and there were areas at 
the epidermal-dermal junction suggestive of enhanced fibril forma-
tion (Fig 4). In the first cultures, fibroblasts were sometimes mixed 
in with the epidermal keratinocytes, but as the methodology of 
splitting the epidermis from the dermis of 25-cm2 biopsies im-
proved the keratinocyte layers were essentially pure. 
Skin Equivalents 35 d Post-Grafting: In general, the dermis of cul-
tured areas outside of implant regions was reorganized and had fine 
fibrils of collagen and numerous blood vessels. The dermal collagen 
of the implants, however, retained much of its original structure. 
B~th implant and skin equivalent areas had a hypertrophic epider-
mis. 
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Figure 2. A methylene blue stained section of a skin equivalent 14 d in 
vitro. After 2-3 d in vitro, dissociated autologous keratinocytes were seeded 
on top of a collagen gel populated with fibroblasts (F). At 14 d, the keraUno-
cytes were confluent and had stratified. Scale bar, 10 11m. 
Figure 3. The epidermis of a skin equivalent 12 d in vitro after 2 d of a~~ 
exposure. Tonofibrils (t), membrane coating granules (meg), and desrll 
somes (d) were present. Scale bar, 0.50 11m. 
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p' ti~gure 4. Skin equivalent 12 d in vitro. Areas of enhanced collagen forma-
Sc ~ (barrow) were present at the junction of the epidermis (E) and dermis. 
a ear, 11l-m. 
Skin E . I . 
sk ' q~lVa ents After 83 d Post-Grafting: N erves were present 111 
e ~n equivalent and implant regions. Nerve fibers in the dermis of 
. .: tUred skin were mostly isolated and followed blood vessels or 
Vol ere distributed in a seemingly random fashion . Individual axons 
epo~e a ~ortuous course in the dermis and often extended to the 
of: errnls (Fig 5). In contrast, nerves going to the implants were 
en In bundles (Fig 6) . 
Sk' 
er;; f1uiv~lents 1 Year Post-Grafting: The epidermis initially g~n-
and e h In vltr~ remained thicker than that of adjacent normal skm, 
rni t e derrnls maintained its reorganized structure. Adnexae were 
sebSSIng (Fig 7) . However, one skin equivalent had large bulbous 
fae aeeous ~lands that were innervated and opened to the skin sur-
thie. MyelInated nerve fibers were observed in the lower dermis of 
ter~~raft; however, it was not determined whether they formed 
Inals on the sebaceous glands. 
Graft It. ~cceptance 
SkinE . 
of b aUlValen ts: All cultured skin grafts were accepted at the time 
base~n age removal (10-20 d post-grafting). This assessment was 
hist I on graft size and gross' appearance (Fig IB) , as well as on 
theio ogX-. At bandage removal, grafts were reduced to - 60% of 
their ongInal size. The implants were clearly identifiable due to 
the r °taqueness and protruding hairs. In contrast, the epidermis of 
pear~u tured skin was transparent and its surface had a " flaky" ap-
horn nee. The dermis of the skin equivalent grafts maintained a 
band ogeneous form of the gel (Fig 8). Furthermore, at the time of 
age removal, the largest open wound controls (0 .625 cm2) were 
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Figure 5. Cultured skin 83 d post-grafting. Silver-stained nerves (arrows) 
in the dermis of cultured skin outside of a touch dome implant. Scale bar, 10 
11m. 
not covered by ep idermis; but wounds twice as large (1 .26 cm2) that 
were covered with cultured grafts possessed a thick and hyperkera-
totic epidermis. ~ 
At various observational intervals (30 - 40 d and 80 - 90 d) eight 
animals (Table I; SE = 4, SE+ND = 2, SE+TD = 2) had grafts that 
underwent partial-rejection episodes. This was manifested as small 
areas of crusting and subsided after about a week, leaving the grafts 
reduced in size. Two animals had grafts (SE+ND = 1; SE+TD = 
1) that eventually underwent total necrosis with scar formation. 
And three animals had minimal graft rejection with little or no 
crusting up to 83 d post-grafting (Table I; SE = 2, SE+TD = 1). 
AutograJts: Five animals had auto grafts that retained hair follicles 
and had minimal dermal reorganization. And four animals had 
grafts that became totally denuded and exhibited extensive dermal 
reorganization. All grafts experienced epidermal thickening. 
Nerve Counts In an effort to evaluate whether re-innervation 
was enhanced in grafts with target implants, comparisons were 
made of the number of nerve profiles present in the dermis of cul-
tured skin grafts and their distance from the epidermis. Counts and 
measurements were made in the dermis of the skin equivalents in 
regions between the implants. There were twice as many nerve 
profiles in the dermis of skin equivalen.ts with touch-dome implants 
and 1.5 times more in the dermis of grafts with non-dome implants 
as there were in grafts comprised entirely of cultured skin. Further-
more, the nearest distance of nerves from the epidermal basement 
lamina in skin equivalents with touch-dome implants averaged 13 
J1m, 22 J1m in skin equivalents with non-domal implants, and 26 J1m 
in pure skin equivalents (n = 36 histologic sections from six ani-
mals, SE = 2, SE+ND = 2, SE+TD = 2; see Table I) . 
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Figure 6. Implant region 83 d post-grafting. The arrow points to a silver-
stained nerve bundle rising to hair fo llicles (F) in the touch-dome implant. 
The 2-mm implant was inserted into the skin equivalent at the time of 
grafting. Scale bar, 10 ;.tm. 
Figure 7. A skin equivalent stained with hematoxylin and eosin 1 year 
post-grafting. The epidermis is still hypertrophic and lacks adnexal struc-
tures. The dermis is composed of fine collagen fibrils. Fibroblasts and blood 
vessels are plethoric. Scale bar, 100 ;.tm. 
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Figure 8. The junction (arrow) of a skin equivalent and normal skin 15 d 
post-grafting. The structure of the fibroblast contracted gel (to the right of 
the arrow) is readily distinguishable from the adjacent dermis of normal skin 
(left of the arrow). Scale bar, 100 ;.tm . 
Nerve Recording To generate action potentials in nerves that 
innervated grafts comprised entirely of skin equivalent tissue, 
strong to moderate mechanical ~timulation of the graft surface wa)s 
reqUIred even 111 long-term anImals (grafted more than 1 year. 
Lightly brushing the graft surface usually failed to elicit neur; 
activity; however, rubbing it with a smooth glass rod, gently p~nc 1 
ing, or stiffly brushing it produced a weak response. In one aniwa , 
two punctate "hot spots" were present on the graft surface. When 
pressure was applied to these spots with a glass rod or 80-mg vhn 
Frey hair, tonic activity was generated in the nerve. However, t. ~ 
nerve was silent when the remainder of the graft was rubbed Wit d 
the rod or indented with a 1.0-g von Frey hair. Histology reveale" 
that large bulbous sebaceous glands were present in the "hot spotS 
and that some were innervated by axon bundles. d 
Four animals with skin equivalent grafts with implants ~a 
greater functional innervation in the implants than in surrounding 
cultured skin (Table I; SE+ND = 2, SE+TD = 2). Figure 9 illus' 
trates the sensory activation recorded from nerve fasides in one ra; 
that innervated normal skin (Fig 9, 1 A,2A,3A), an implanted b!Ops 
without touch domes (Fig 9, 1B,2B,3B), and skin equivalent ar~S 
(Fig 9, 1C,2C,3e). Cutaneous fields were brushed (Fig 9, 1A-t. ~ 
rubbed (Fig 9, 2A - 2e), or pinched (Fig 9, 3A - 3e). Light brushln t 
of the implant produced an abundant discharge in the alfere~n 
nerves (Fig 9, 1B) that was absent when surrounding cultured sklO 
was brushed with equal intensity (Fig 9,1 e). Only one of the tW g 
implanted biopsies remaining in this animal at 83 d post-graftl~n 
was re-innervated, and hair density of both implants was less than I 
adjacent normal skin. 
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Figure 9. 1 A, 1 B, 1 C) Oscilloscope trace of afferent impulses generated in 
cutaneous nerves while gently stroking their sensory field on the skin's 
surface with a camel hair brush 83 d post-grafting. 1A) Normal hairy skin; 
1 B) implant of normal hairy skin lacking touch dome; 1 C) skin equivalent 
region of the graft. 2A,2B,2C) Oscilloscope trace of afferent impulses gener-
ated in cutaneous nerves while gently rubbing their receptive field on the 
skin's surface with a smooth glass rod. 2A) Normal hairy skin; 2B) implant 
of normal hairy skin lacking touch dome; 2C) skin equivalent region of the 
graft. 3A,3B,3C) Oscilloscope trace of afferent impulses generated in cutane-
ous nerves while gently pinching their field on the skin surface with watch-
maker forceps. 3A) Normal hairy skin; 3B) implant of normal hairy skin 
lacking touch dome; 3C) skin equivalent rt.'gion of the graft. 
Figure 10 shows responses suggestive of functional type I mech-
anoreceptors in an animal that had touch-dome implants. High-fre-
quency responses characteristic of afferent fibers ending on Merkel 
cells were present in the cutaneous nerves serving all three implants 
(Fig lOB-D). However, two recordings (Fig 10B,D) had a dis-
charge rate that was less variable [5,6] than that normally observed 
in type I neurons (Fig lOA). 
The two touch domes whose sensory neurons gave rise to the 
traces illustrated in Fig 10C,D were examined by electron micros-
copy following nerve recording. Merkel cells (Fig 11) were posi-
tively identified only in the dome whose afferent nerve trace is 
illustrated in Fig lOC. These Merkel cells had dense-cored granules 
and spine-like processes, and cells transitional in appearance be-
tween Merkel cells and keratinocytes were numerous. Axon termi-
nals arising from myelinated fibers were on the dorsal and dermal 
surface of one Merkel cell. Most terminals were small rather than 
discoidal in shape like mature Merkel cell- neurite complexes, al-
though the latter type were also observed. In the other touch dome, 
cells were present that resembled Merkel cells in their shape and 
location, but lacked dense-cored granules. Myelinated nerves were 
in the dermis, and sparse numbers of mitochondria were in nerve 
terminals in the upper dermis. The response of the afferent nerve 
innervating this dome is shown in Fig 10D. 
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Figure 10. Type I responses generated in afferent nerves. A) Normal hairy 
skin. Responses of the afferent nerve innervating a touch dome stimulated 
with a hand-held glass rod. B) Type I responses obtained from thoracic nerve 
TIO serving the most rostral 2-mm punch biopsy implant. C) Type I re-
sponses recorded from thoracic nerve Til serving the middle implant (see Fig 
11 ). D) Type I responses recorded from thoracic nerve T 12 serving the most 
caudal implant. 
One animal (Table I; SE+TD = 1) had denuded implants. There 
was no obvious increase in the amount of functional reinnervation 
in these implants as compared to surrounding cultured skin. 
In Vitro Controls for Barriers to Nerve Growth At 6 d in 
culture, neurons from the dorsal root ganglia extended processes up 
to the epidermis. Groups ofaxons shared a common Schwann in-
vestment, and some were in direct contact with the gel. The axons' 
appearance in culture strongly resembled that of cutaneous neurons 
during in vivo development (Fig 12), in that individual axons were 
small and not yet enveloped by Schwann cells. Microtubules were 
well defined in the axoplasm, and the morphology of individual 
ganglion cell bodies was robust. 
DISCUSSION 
The results of the present investigation can be summarized as fol-
lows. 1) Grafts of cultured skin became innervated. 2) Innervation 
was enhanced if target tissue was present. 3) Activation similar to 
type I afferent responses was only observed in skin originally possess-
ing touch domes; hence, this characteristic response was likely de-
pendent upon factors unique to domal tissue besides the nerve alone. 
4) The quality of the engraftment was vital to the return of sensory 
function. 
Cultured skin grafts were functionally innervated. At the first 
observational point of 83 d, nerve fibers were numerous in the 
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Figure 11. Electron micrograph of a touch dome from a 2-mm implantlat 
83 d post-grafting. Merkel cells (M) and transitional cells (T) arc in tt 
epidermis of the touch dome (see Fig 1 DC for the oscilloscope trace of t1~ 
nerve recording of this dome). Nerve terminals (arrows) near indivldua 
Merkel cells are small and are packed with mitochondria. The terminal °d 
the epidermal surface of the Merkel cell contains clear and dense core 
vesicles as well as mitochondria. Scale bar, 1.0 p,m. 
dermis and processes extended into the epidermis. However, Jig~r 
mechanical stimulation of skin-equivalent areas produced htt ~ 
neural response. Strong brushing, firm rubbing with a polished glash 
rod, or pinching was required to activate sensory neurons. Althoug f 
measuring the time course of innervation was not an objectlveZod 
this study, it is known that nerve terminals are found as early as 4 1 
at the epidermal basement lamina of cultured grafts derived ffll~ 
human skin on nude mice, and myelinated nerves are present In tI s 
deeper dermis [17]. Also, nerves in free-skin autografts made to t\ 
reach the lower dermis by 28 d and hair follicles by 56 d (18J. tile 
therefore likely that innervation in this study occurred before t 1 
83-d observation point. al 
The fact that nerves innervating 2-mm punch biopsies of norrJ1h! 
skin inserted into cultured skin equivalents had sensitivity to h.g 
mechanical stimulation whereas those innervating the skin eqUIV~: 
lent areas of the grafts did not, indicates that grafted implants t d 
vided a better environment for nerve recovery. The structure 0 eJli_ 
organs undoubtedly influenced the function of those nerves tef:d 
nating on them, and trophic factors may have also been proVI n 
that caused reg~nerating fibers to mature [19,20J. Old Schwan a-
tubes that remained in the implants following Wallerian degene~g 
tion of the nerve might have guided and nourished regeneratl 
axons [21J. res 
On the other hand, cultured skin usually lacks adnexal structll cr 
and hence any tropic or trophic factors they release that may attf~d 
regenerating fibers or cause them to mature. Nerve countS a 
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Figure 12. In vitro control. Dorsal root ganglia excised from newborn rat 
Purs grew well and extended neuronal processes (*) throughout the collagen 
~e5s. Schwann cells (S) enveloped groups ofaxons at 6 days in vitro. Scale bar, 
. J.itn. 
dista d . 
nce measurements suggested there was a trend towar 111-
~heased overall innervation in grafts with implants, but because of 
e large animal-to-animal variability more studies employing 
g~eater numbers of animals are required. The level of re-innervation ~:kln autografts has also been reported to differ significantly be-
en l11dlvldual animals [22]. 
e The finding of sebaceous glands in one of the first cultured skin 
or~lbalent grafts made was not necessarily surprising. The presen~e 
e 'd roblasts among the keratinocytes suggests that the enzymatic 
~I ermal separation technique was not as refined in early experi-
a ~nts . Sebaceous glands have a powerful ability to regenerate [23], 
endstem cells could easily have been included with the dissociated 
rit! ebmis. Also, adnexal structures can regenerate if there is a proper h ~1 · etween fibroblasts and keratinocytes [24] . Because this graft 
isad lttle or no crusting and was scored as having an excellent take, It 
Sc oubtful that the sebaceous glands were formed from remnant 
coar yssue. Interestingly, areas containing sebaceous glands were 
siorre ated with points on the skin surface where mechanical depres-
gl n dIiclted tonic responses in the afferent nerves, and indicates the ~ s may have been targets for regenerating nerves. 
onl ecause responses characteristic of type I mechanoreceptors were 
po y recorded from nerves re-innervating implants that originally 
do sse~sed touch domes, the present study suggests that either i) the 
tio maTsltructure, or ii) Merkel cells, were necessary for type I activa-
ne~ le~efore, our findings do not support the notion that type I 
tne h e~dlngs are the sole element required for the transduction of 
Rubb anlc~1 stimulation into type I neuronal discharge [25 - 28]. 
ent' \ng Implants without touch domes or graft areas comprised 
spolre Y .of cultured skin with a glass rod did not elicit type I re-
ani~s~s In any of the cutaneous afferent nerves even in long-term 
sele : s ~ 1 year old; T able I). It is unlikely that type I neurons were 
c IVe y damaged by the grafting process, because in theory all of 
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the cutaneous sensory nerve populations should have been present 
post-grafting, because only their terminal portions were excised 
when full-thickness graft sites were prepared. And, it is improbable 
that collagen gels were barriers for nerve regeneration, because 
nerve fibers grew through them in vitro. An alternative interpreta-
tion is that type I neurons require trophic factors provided by Mer-
kel cells or touch domes in order to survive or function. In this case 
type I fibers could still be transducers; however, this capability 
would be dependent upon prior trophic induction (see also [29]). 
The actual role the Merkel cell plays in the mechanotransduction 
process is controversial; however, several investigations indicate it 
may be a transducer element [6,30-32]. 
Merkel cells and " transitional" cells [33 - 36] were found in only 
one of the two touch-dome implants examined by electron micros-
copy at 83 d post-grafting. And, most of the Merkel cell- neurite 
complexes were immature. If Merkel cells were present in the sec-
ond touch dome they were likely few in number or altered in their 
appearance, because serial semithin sections were examined prior to 
selecting areas for ultrathin sectioning. However, a remnant dome-
like structure was present in the second dome, and cells were ob-
served that resembled Merkel cells in shape and location but lacked 
cytoplasmic dense-cored granules. These results suggest that al-
though some component in the touch-dome structure was required 
for return of type I activation, Merkel cell- neurite complexes did 
not have to be fully mature and may not have been present. Alterna-
tively, it is possible that only a small number of Merkel cell- neurite 
complexes needed to be present to activate the type I neurons, and 
hence might have been overlooked in the histologic examination. It 
is known that stimulation of a small complement of Merkel cell-
neurite complexes in touch domes still results in type I responses in 
the nerve [6,37], but just how many complexes are required is specu-
lative. 
Many factors are involved in cutaneous recovery following graft-
ing. Obviously, autografts contain all of their "target tissue compo-
nents," yet autograft reinnervation is seldom if ever normal [38] . 
Autografts are often only partially re-innervated at their margins or 
patchily on their surface [20 ,23]. Tissue damage, bacterial invasion, 
pronounced scar formation, and decreased blood supply are all likely 
causes of poor graft take [39,40] with resulting impairment of 
neural function [41 ,42]. In the present investigation, cultured grafts 
that experienced little or no crusting subsequently had the best 
innervation. The shrinkage observed was comparable to that re-
ported by other investigators [43] grafting cultured skin onto loose 
skinned animals whose skin heals primarily by wound contraction 
[44]. Because the grafts were autologous, it was impossible to deter-
mine whether graft epidermis was eventually replaced by adjoining 
keratinocytes . The graft sites were too large to have been covered by 
epidermis from surrounding skin at the time of bandage removal. 
The minor rejection episodes observed in this study may have been 
caused by delayed immune reactions to fetal bovine serum that was 
included in the growth medium [45 ,46]. The use of serum-free 
medium [47] to culture skin equivalents was reported to give a 
higher percentage of successful takes of human skin grafted to nude 
mice [17]. At present, many clinical trials employing cultured skin 
use serum fortified medium and a 3T3 fibroblast feeder layer [4,48] . 
If supportive studies come forth, a change to serum-free culture 
wou ld be indicated not only for enhanced graft survival, but proba-
bly improved sensory function as well. 
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